Introduction 50 51
Repeated application of organic and mineral fertilizer causes soil test phosphorus (STP) 52 to build up in the soil and, during rainfall events, may cause nutrients to be released to 53 surface runoff (Hao et al., 2008) . Runoff from grassland pastures and meadow fields 54 following slurry application can result in incidental phosphorus (P) losses and has the 55 potential to transport nutrients to surface water (Smith et al., 2001a) . This may result in 56 eutrophication of rivers and fresh water lakes. 57
58
Chemical amendments can either be added directly to the manure before land application 59 (Moore et al., 1998) , spread on the ground before manure application (McFarland et al., 60 possible to measure pH of the sludge with a pH probe. Dry matter (DM) content was 136 determined by drying at 40°C for 72 hr. Total metal and P of the PSMs was measured by 137 'aqua regia' digestion using a Gerhard Block digestion system (Cottenie & Kiekens, 138 1984), which is described by Fenton et al. (2009) . WEP of the PSMs was determined 139
after Dayton and Basta (2001) . 140
141

Slurry treatment 142 143
Tests were carried out to determine the effectiveness of various chemical amendments to 144 treat the dairy cattle slurry. The best seven P-sorbing amendments were examined in the 145 agitator test; these were: industrial grade alum (8% Al 2 O 3, Al 2 (SO 4 ) 3 .nH 2 O); laboratory 146 grade aluminium chloride (AlCl 3. 6H 2 O); FeCl 2 ; burnt lime (Ca(OH) 2 ); Al-WTR, sieved 147 to less than 2 mm (Al-WTR-1); Al-WTR homogenised sludge (Al-WTR-2); flyash; and 148 FGD (Table 1) . Chemical amendments were applied based on Al:TP stoichiometric rate, 149
and PSMs were applied based on a kg/kg weight basis (slurry dry matter). The Al-WTR 150 was obtained from a local water treatment plant (WTP) and the coal combustion by-151 products were provided by the Electricity Supply Board (ESB) at Moneypoint, Co. Clare. 152
153
The pH of the amended slurry was measured prior to application at t=0 hr. Samples were 154 taken to determine DM and WEP of the amended slurry (after Kleinman et al., 2007) .8 beaker to allow pH and WEP to be measured at 24 hr without disturbing the sample used 159 in the agitator test. 160
161
Agitator test 162 163
Prior to the start of the agitator test, the intact soil samples were transferred into the 164 beakers. The depth of soil in the beakers ranged from 40 mm to 50 mm; this was 165 considered sufficient to include the full depth of influence (Mulqueen et al., 2004) . 166
167
The agitator test comprised 10 different treatments: a grassed sod-only treatment (the 168 study control); grassed sod receiving dairy cattle slurry at a rate equivalent to 40 kg 169 TP/ha, and grassed soil receiving 8 different chemically treated slurries (Table 1) applied  170 at a rate equivalent to 40 kg TP/ha. Each of the 8 amendments were applied at 3 different 171 rates (high, medium and low) in triplicate (n=3). The chemically amended slurry was 172 initially applied to the soil (t=0 hr), and was then allowed to interact for 24 hr prior to 173 saturation of the sample. After 24 hr (t=24 hr), samples were saturated by gently adding 174 deionised water to the soil sample at intermittent time intervals until water pooled on the 175 surface. The sample was saturated for 24 hr (t=48 hr). Immediately after saturation was 176 complete, 500 ml of deionised water was added to the beaker. The agitator paddle was 177 then lowered to mid-depth in the overlying water and rotated at 20 rpm for 24 hr. 178
Water samples (4 ml) were taken at 0. 25, 0.5, 1, 2, 4, 8, 12 and 24 hr after the start of the 182 test. All samples were filtered immediately after sample collection using 0.45 μm filters 183 and placed in a freezer (after APHA, 1995) prior to being analysed colorimetrically for 184 DRP using a nutrient analyser (Konelab 20, Thermo Clinical Labsystems, Finland) . The 185 DRP concentrations were used to calculate the mass of DRP in the water overlying the 186 soil samples in the beaker, taking into account the water volume reduction as the test 187 progressed. All water samples were tested in accordance with standard methods (APHA, 188 1995) . 189
190
Statistical Analysis 191 192
The results were analysed using SAS (SAS Institute, 2004 The overall statistical analysis showed that there was a significant interaction between 229 treatment and application rate, but that the interaction effects were small compared to the 230 main effects. Comparisons of means were made from the interaction table. Figure 1  231 shows the mass of DRP in the water overlying the untreated soil and slurry-only 232 treatments in the agitator tests. The reductions in mass of DRP in the overlying water for 233 each amendment at 3 rates are tabulated in Table 1 . Effervescence did not occur at the 234 lower application rates. However, slurry volume increased by approximately 50% when 235 alum was applied at 2.44 Al:TP. Lefcourt and Meisinger (2001) reported similar results, 236 recommending that alum be added slowly. The addition of AlCl 3 increased the difficulty 237 of handling the slurry compared to the alum treatment, due to formation of foam on the 238 surface of the slurry. This phenomenon was also noted by Smith et al. (2001b) . FeCl 2 was 239 very effective and these results were in agreement with Moore and Miller (1994) . 240
However, it was not as efficient as alum or AlCl 3 treatments. Lime was less effective 241 than Fe and Al-based compounds. 242
243
In this study, Al-WTR-1 reduced soluble P in water overlying the soil by 31%, 77% and 244 74% when applied at rates of 0.28, 0.69, and 1.4 kg of dry matter of sludge/kg of dry 245 matter of dairy cattle slurry, respectively (0.28 kg/kg versus 1.4 kg/kg rates, p=0.003, no 246 significant difference between the 0.69 kg/kg and 1.4 kg/kg rates). Homogenised Al-247 WTR-2 reduced soluble P in water overlying the soil by 0%, 71% and 67%, when applied12 on an equivalent basis. While not statistically significant, the irregularity between the 249 0.69 and 1.4 kg/kg treatment rates was found to be consistent across sieved and sludge 250 treatments. McGrath et al. (2010) observed a 91% reduction in soluble P at when Al-251 WTR was applied at 0.2 kg/kg. The WTR used by McGrath et al. (2010) had Fe of 3.1% 252
and Al of 7.6% -higher than the composition of WTR used in this study. 253
254
Flyash and FGD reduced soluble P in cattle slurry by 72% (versus control, p<0.0001) and 255 89% (versus control, p<0.0001), respectively, when applied at 4.2 kg/kg and 5.6 kg/kg, 256 respectively. These rates of addition are higher than those used in previous studies (Dao, 257 1999; Dou et al., 2003) . 258 259 Statistical analysis found that there was evidence of a three-way interaction between 260 amendment, rate of application and time, but that the interaction was on a smaller scale 261 than the main effects of amendment and time. Initially, the pH of the slurry was 7.3 ±0.5 262 (p<0.0001); the acidifying additives increase acidity of the slurry. Meisinger et al. (2001) 263 found that pH would need to be lower than 5 to significantly reduce gaseous emissions. 264
Lime addition increased the pH to a maximum value of 8.8 (p<0.0001). Application of 265
Al-WTR, flyash and FGD did not significantly alter slurry pH initially. 266 267 At t=24hr, slurry pH increased to 7.8 (p<0.0001), while the effects of the acidifying 268 additives reduced. Lime-treated slurry pH increased to 10.3 (p<0.0001). The pH of Al-269 WTR, flyash and FGD treatments also increased. Flyash had a pH of 9.3 (p<0.0001) at 270 the optimum application rate. The pH of the overlying water was not measured. Table 2 . Characterisation of PSMs used in the agitator test (mean ± standard deviation) 484 tests carried out in triplicate, the maximum load of metals per hectare per treatment, 485 maximum permissible annual average rates of addition of certain heavy metals to soils 486 over a 10-yr period, background levels of these metals in mineral and organic soils, and 487 limits on heavy metal concentrations in water drinking water extraction. 488 (FeCl 3 ) were laboratory chemicals; the most similar product on the market (in brackets) was chosen for cost estimates. c Total cost of material, delivery of material and addition of material to slurry in slurry storage tank per cubic meter of amendment used. d Slurry spreading costs estimated based on data from Teagasc (S. Lawlor pers comm, 2010) and increase in volume of slurry due to amendment.
e Slurry agitating costs estimated based on data from Teagasc (2008) with and increase in volume of slurry due to amendment. f For ease of handling water DM must be approximately 10%. Some amendments resulted in DM >10%. Water would need to be added to the slurry to enable spreading. g Al-WTR-1 <2 mm is alum-based water treatment residual which has been dried and crushed to pass the 2mm sieve h Al-WTR-2 sludge is the homogenised alum-based water treatment residual in its natural state after water treatment and separation. Table 2 . Characterisation of PSMs used in the agitator test (mean ± standard deviation) tests carried out in triplicate, the maximum load of metals per hectare per treatment, maximum permissible annual average rates of addition of certain heavy metals to soils over a 10 year period and background levels of these metals in mineral and organic soils and limits on heavy metal concentrations in water drinking water extraction. The maximum load of each metal per hectare for each treatment is tabulated based on a slurry application rate of 50m 3 /ha and the optimum rate for each amendment. b FGD is flue gas desulphurisation product. 
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